modulation of glucose and insulin responses to meals: relationship to cortisol rhythm. Am. J. Physiol. 262 (Endocrinol. Metab. 25): E467-E475, 1992.-To determine whether glucose and insulin responses to a mixed meal are influenced by time of day irrespective of duration of prior fast, eight normal subjects (4 males, 4 females) were studied on two separate occasions, involving ingestion of identical meals at either 6-or 12-h intervals. The 24-h profiles of plasma glucose, serum insulin, and plasma C-peptide were obtained at 200min intervals. Plasma cortisol levels were measured on each sample to evaluate possible relationship between diurnal variations in metabolic responses and circadian rhythm of cortisol. Rates of secretion of insulin and cortisol were mathematically derived from peripheral concentrations by deconvolution using two-compartment models for clearance kinetics. Postmeal responses of glucose, insulin, and insulin secretion rate were evaluated by calculating maximum postmeal increment, total area under curve, area under curve for 2 h after meal ingestion, and total duration of response. Postmeal cortisol responses were quantified by increment in plasma level and amount secreted in postmeal pulse. For glucose responses, irrespective of duration of prior fast, all four parameters characterizing the response were significantly greater in the evening than in the morning, with total area under curve and 2-h area under curve being approximately twofold larger in the evening than in the morning. Time of day did not significantly influence maximum postmeal increment in insulin secretion rate or duration of insulin secretory response, but total and 2-h areas under curve were 25-50% greater in the evening than in the morning. Meal ingestion was followed by a significant pulse of cortisol secretion in 37 of 40 cases. Magnitude of morning-toevening increase in insulin response to meals was correlated with magnitude of morning-to-evening decrease in cortisol level. We conclude that glucose and insulin responses to mixed meals in normal adults of both sexes are profoundly modulated by circadian rhythmicity and that this diurnal variation in meal tolerance may be mediated at least partially by circulating cortisol concentrations. In the evening, failure of insulin secretion to increase in proportion to changes in postmeal glucose responses suggests that, in addition to circadian changes in insulin sensitivity, there may be a circadian variation in responsiveness of &cells to glucose. circadian rhythmicity; food intake; glucose tolerance; insulin secretion THE ROLE OF CIRCADIAN RHYTHMICITY in modulating
Van Cauter, Eve, E. Timothy Shapiro, Hartmut Tillil, and Kenneth S. Polonsky. Circadian modulation of glucose and insulin responses to meals: relationship to cortisol rhythm. Am. J. Physiol. 262 (Endocrinol. Metab. 25): E467-E475, 1992.-To determine whether glucose and insulin responses to a mixed meal are influenced by time of day irrespective of duration of prior fast, eight normal subjects (4 males, 4 females) were studied on two separate occasions, involving ingestion of identical meals at either 6-or 12-h intervals. The 24-h profiles of plasma glucose, serum insulin, and plasma C-peptide were obtained at 200min intervals. Plasma cortisol levels were measured on each sample to evaluate possible relationship between diurnal variations in metabolic responses and circadian rhythm of cortisol. Rates of secretion of insulin and cortisol were mathematically derived from peripheral concentrations by deconvolution using two-compartment models for clearance kinetics. Postmeal responses of glucose, insulin, and insulin secretion rate were evaluated by calculating maximum postmeal increment, total area under curve, area under curve for 2 h after meal ingestion, and total duration of response. Postmeal cortisol responses were quantified by increment in plasma level and amount secreted in postmeal pulse. For glucose responses, irrespective of duration of prior fast, all four parameters characterizing the response were significantly greater in the evening than in the morning, with total area under curve and 2-h area under curve being approximately twofold larger in the evening than in the morning. Time of day did not significantly influence maximum postmeal increment in insulin secretion rate or duration of insulin secretory response, but total and 2-h areas under curve were 25-50% greater in the evening than in the morning. Meal ingestion was followed by a significant pulse of cortisol secretion in 37 of 40 cases. Magnitude of morning-toevening increase in insulin response to meals was correlated with magnitude of morning-to-evening decrease in cortisol level. We conclude that glucose and insulin responses to mixed meals in normal adults of both sexes are profoundly modulated by circadian rhythmicity and that this diurnal variation in meal tolerance may be mediated at least partially by circulating cortisol concentrations. In the evening, failure of insulin secretion to increase in proportion to changes in postmeal glucose responses suggests that, in addition to circadian changes in insulin sensitivity, there may be a circadian variation in responsiveness of &cells to glucose. circadian rhythmicity; food intake; glucose tolerance; insulin secretion THE ROLE OF CIRCADIAN RHYTHMICITY in modulating human endocrine function is well established for systems directly dependent on the hypothalamopituitary axes. It is often assumed that the function of more peripheral endocrine systems, such as the pancreas, is not significantly influenced by central mechanisms responsible for circadian timing. However, in normal humans, a series of studies have suggested that the set point of glucose regulation may be under circadian control. Indeed, glucose tolerance to an oral glucose load or to a single intravenous injection of glucose is decreased in the afternoon compared with the morning (8) . With the use of experimental designs involving constant glucose infusion for 24-30 h, we have shown that glucose tolerance continues to deteriorate as the evening progresses and reaches a minimum around midsleep (19, 22) . In a recent study, we have further demonstrated that the diurnal variation in glucose levels during constant glucose infusion is paralleled by a similar variation of insulin secretion, which is inversely related to the circadian rhythm of cortisol concentrations (21) . These observations obtained during constant glucose infusion suggest that there may be a systematic circadian variation in the glucose and insulin responses to a mixed meal, with larger responses in the evening than in the morning, and that this effect of time of day on meal responses could be partially mediated by cortisol. The existence of such a consistent effect of time of day on meal tolerance could be of importance in the design of meal schedules, which would optimize glucose control for subjects with impaired glucose tolerance and in the development of strategies to cope with conditions of abnormal circadian rhythmicity (i.e., "jet lag" or shift work), which are frequently associated with gastrointestinal disorders. In all previous studies designed to examine the possible effects of time of day on meal tolerance, the response to the morning meal, which was presented after a lo-to 12-h fast, was compared with the response to the evening meal, which was presented after a 4-to 5-h fast. Thus, when morning vs. evening differences in meal responses were observed, it could not be determined whether they reflected differences in the duration of prior fast or true circadian modulation.
Reduced carbohydrate tolerance to mixed meals absorbed later in the day has been shown in some, but not all, studies involving identical meals given at various times of day after varying durations of prior fast (1, 10, 12, 13, 17) .
The presence and magnitude of a diurnal variation seemed to be dependent on meal size and composition (1, 12, 17) . Two studies by the same group have indicated that the effects of time of day may be more prominent in women than in men (1, 12). It is noteworthy that, in all these previous studies, the "evening" meal was actually given in the late afternoon, between 1630 and 1800 h, at a time when, according to our 24-h studies during constant glucose infusion (19, 22) , glucose tolerance has only begun to deteriorate. Thus larger and more consistent effects of time of day may occur when the evening meal is consumed later, as is often the case under ordinary conditions of daily living.
The present study was therefore undertaken to com-
pare the responses to identical meals given at 0800 and at 2000 h while controlling for the duration of the prior fast. To delineate the size, duration, and dynamics of the meal responses, peripheral levels of glucose, insulin, and C-peptide were determined at 20-min intervals over a 24-h span, and insulin secretion rates were derived from the C-peptide levels by deconvolution. Cortisol levels were measured on all samples to evaluate the relationship between diurnal variations in metabolic responses to meals and the circadian periodicity of cortisol secretion.
SUBJECTS AND METHODS

Subjects
Eight normal subjects, four men and four women aged 22-35 yr, were studied. All were of normal weight [body mass index 21.5 $-2.2 (SD) k g / m2, range 18.8-24.5 kg/m2], and none had a personal or family history of diabetes. Fasting glucose and insulin levels averaged 4.94 t 0.16 (SD) mmol/l and 45.9 t 4.3 pmol/l, respectively. Shift workers or subjects who had experienced a transmeridian flight <6 wk before the study were excluded. The protocol was approved by the Institutional Review Board of the University of Chicago, and all subjects gave written informed consent.
Protocol
Each subject participated in three different studies. The order of the studies was randomized.
Twenty-four-hour study with meals at 6-h intervals. After a 6-h fast, the subjects were admitted in the Clinical Research Center at 1800 h and, starting 2 h later, ingested five identical 5000kcal meals presented at 6-h intervals over a 36-h period. Thus meals were served at 2000 h, 0200 h (nocturnal meal), 0800 h (morning meal), 1400 h (lunch meal), and 2000 h (evening meal). Meal composition was 43% carbohydrate, 39% protein, and 18% fat. All meals were entirely consumed within 30 min. The subjects slept in darkness from 2300 to 0600 h but were awakened at 0200 h to consume the nocturnal meal. The hand with the sampling catheter was kept in a heating blanket to ensure arterialization of the venous blood sample. Arterialized blood samples were taken at 20-min intervals for 24 h starting at 0600 h, i.e., 2 h before the morning meal.
Twenty-four-hour study with meals at 12-h intervals. After a 6-h fast, the subjects were admitted at 1800 h and ingested three identical meals at 12-h intervals over a 36-h period. Thus the meals were served at 2000 h, 0800 h (morning meal), and 2000 h (evening meal). The subjects were awakened for 45 min at 0200 h to control for the sleep loss involved in the study with meals at 6-h intervals. In all other respects the protocol was identical to that in the study with meals at 6-h intervals.
Determination
of individual C-peptide kinetics. To obtain accurate estimates of insulin secretion, the kinetics of C-peptide were determined in each subject as previously described in detail (15) . Briefly, endogenous C-peptide secretion was suppressed by means of a primed intravenous somatostatin infusion (500 pg/h; Bachem Fine Chemicals, Torrance, CA), and a 1509pg bolus injection of biosynthetic human C-peptide (Eli Lilly, Indianapolis, IN) was administered. Plasma C-peptide levels were measured at 1-to 3-min intervals over the first 20 min, at 5-min intervals over the following 40 min, and at IOto 20-min intervals over the following 2 h. For each individual, the rate constants describing the distribution and metabolism of C-peptide were derived from the analysis of the decay curve using a two-compartment mathematical model (15) . Mean t SE values for the short and long half-lives of C-peptide were 4.8 t 0.2 and 33.6 & 1.9 min, respectively, mean volume of distribution was 4,090 & 180 ml, and the fraction of decay associated with the short half-life was 0.78 t 0.01.
Assays
Serum insulin was assayed by a double-antibody technique (11) with an intra-assay coefficient of variation averaging 6% throughout the range of measured concentrations. Plasma Cpeptide levels were determined using a previously described radioimmunoassay (6) with an average intra-assay coefficient of variation of 4%. Plasma cortisol levels were measured by radioimmunoassay (Diagnostic Products, Los Angeles, CA) with an average intra-assay coefficient of variation of 5%. All samples from the same subject were analyzed in duplicate in the same assay. Plasma glucose concentrations were measured in duplicate with a glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH) with a coefficient of variation of <3%.
Data Analysis
Derivation of insulin secretory rates. The rates of production of C-peptide, and, by inference, the insulin secretory rates, were mathematically derived from the plasma C-peptide concentrations using a two-compartment model for C-peptide distribution and metabolism, with individual parameter values derived from the decay curve observed after the bolus injection of Cpeptide. This calculation, commonly described as "deconvolution," involves the integration of equations described by Eaton et al. (5). We have demonstrated that this procedure provides accurate estimates of insulin secretion, even under non-steadystate conditions (15) . Estimation of endogenous insulin clearance. In most situations in which insulin clearance is measured, the endogenous secretion rate of the peptide is not known, and the metabolic clearance rate is derived as the ratio of the exogenous infusion rate of the peptide and its steady-state plasma concentration. In the present study, endogenous insulin secretion was estimated from plasma C-peptide concentrations as described above, and the clearance of endogenously secreted insulin during each meal was calculated as the ratio of the area under the curve (AUC) of insulin secretory rate and the AUC of simultaneously measured peripheral serum insulin concentration as previously described (18).
Postmeal responses in plasma glucose and insulin secretion.
The basal level in each individual study was taken to be the morning premeal level. For each meal ingested during the sampling period, the premeal levels of plasma glucose, serum insulin, and insulin secretion were calculated as the mean of the levels during the hour preceding meal presentation. The maximum increments of plasma glucose, serum insulin, and insulin secretory rate were defined as the difference between the maximum level attained after the meal and the premeal level. Because caloric intake was only 1,000 or 1,500 kcal during the sampling period, premeal levels of plasma glucose, serum insulin, and insulin secretion were generally lower in the evening than in the morning. The duration of the response was calculated as the time interval between meal presentation and return to premeal level or basal level, whichever came first. The postmeal responses were estimated as the total AUC above the premeal level. In addition, to evaluate differences in the short-term response to the meal, the AUC for the first 2 h after the meal were similarly calculated.
Analysis of pulses of serum insulin, plasma glucose, plasma cortisol, and insulin secretion. To identify significant pulses of serum insulin, plasma glucose, plasma cortisol, and insulin secretion, each individual 24-h profile was analyzed using Ultra, a computerized pulse-detection algorithm previously described and validated (20) . The general principle of this algorithm is the elimination of all peaks for which either the increment (difference between level at the peak and level at the preceding trough) or the decrement (difference between level at the peak and level at the following trough) do not exceed a certain threshold related to measurement error. For serum insulin, plasma glucose, and plasma cortisol, this threshold was set at twice the intra-assay coefficient of variation, a level which, in view of our previous estimations of the frequency and magnitude of pulses of these blood constituents (14, 19, 22) , is expected to optimally balance false-positive and false-negative errors (20) . For insulin secretory rates, a more conservative threshold of three times the intra-assay coefficient of variation of C-peptide determinations was used to take into account the amplification of noise involved in the deconvolution procedure. Postmeal responses in plasma cortisol. For each meal, the premeal plasma cortisol level was calculated as the mean of the levels measured during the hour preceding meal presentation. Cortisol secretory rates were mathematically derived from the plasma cortisol concentrations using a two-compartment model for cortisol distribution and metabolism (3). Thus the same deconvolution procedure as that used to estimate insulin secretion was applied to the estimation of cortisol secretory rates, except that, instead of using individually derived kinetic parameters, the parameter values for the disappearance kinetics of cortisol were obtained from previously published studies (3). The volume of distribution, short half-life, and fraction of decay associated with the short half-life were taken to be 4.1% of body weight, 5 min, and 0.80, respectively, for all subjects. For each subject, the long half-life was adjusted in the previously reported physiological range of 65-90 min (3) by an iterative process designed to minimize the number of negative secretory rates. On average, the long half-life was 72.5 & 5.3 min, and the number of significantly negative secretory rates was 0.25 t 0.20 across all 16 studies, i.e., 0.4% of all calculated secretory rates. The error associated with each secretory rate, which results from measurement error on plasma levels, was derived following the theory of error propagation, and the process of pulse identification was repeated for the profile of cortisol secretory rates using a threshold of two times the calculated error. The profiles of cortisol secretory rates generally included more pulses than the profile of plasma concentrations, because the deconvolution procedure revealed that a single large pulse of plasma concentration may reflect two successive pulses of secretion. A postmeal cortisol response was considered to be present if a peak of cortisol secretion rate occurred within 60 min (i.e., 3 sampling intervals) after meal presentation, and the magnitude of the response was estimated by integrating the secretory rates over the duration of the postmeal pulse. The magnitude of the postmeal cortisol response was also characterized by the increment of plasma concentration above premeal level.
Statistical tests. Unless otherwise indicated, all group results were expressed as means 2 SE. Nonlinear least-square analysis of the C-peptide decay curves was performed using the BMDP 3R program (BMDP Statistical Software, Los Angeles, CA). The effects of timing of meal presentation and duration of interval between meals were analyzed simultaneously by twofactor analysis of variance for repeated measures. Within each study, group means were compared using the Wilcoxon test for paired data. Correlations were estimated using the Spearman coefficient of correlation.
RESULTS
Figures 1 and 2 depict the profiles of plasma cortisol, plasma glucose, serum insulin, and calculated insulin secretory rates observed in two representative subjects during the studies with meals presented at 6-and 12-h intervals. A clear increase in the levels of glucose, insulin, and insulin secretion was observed after each meal. A significant pulse in plasma cortisol was observed after 35 of the total of 40 meals presented during the 2 studies. Pulses in peripheral concentrations of glucose, cortisol, and insulin, as well as insulin secretory rates, were evident in response to meals as well as during the periods separating the meals.
The mean profiles of plasma cortisol, plasma glucose, serum insulin, and insulin secretion rates for the two studies are shown in Fig. 3 . The estimated postmeal responses are represented by the shaded areas. 3.
24-tKWi CLOCK TIME 24-M CLOCK TIE of day on the size of the response was not primarily due to a lengthening of the end tail of the response but to the maintenance of higher glucose levels during the first 2 h after the meal. It is also evident from the data in Table 1 that the morning-to-evening differences tended to be greater when the meals were presented at 6-h intervals compared with the study where the meals were presented at 12-h 1 I I I 1 I 1 intervals. However, these differences failed to reach sta- . Twenty-four-hour profiles of plasma cortisol, glucose, serum insulin, and ISR in subject 1M3 during study with meals at 12-h intervals (left) and during study with meals at 6-h intervals (right). Large upward arrows, times of meal presentation; downward arrows, significant pulses of cortisol, glucose, insulin, and ISR.
tire duration of the response, the AUC during the first 2 h after meal presentation, and the duration of the response (Table 1) . Irrespective of the interval between meals, the differences between morning and evening responses were statistically significant for each of these parameters. For each of the eight subjects, the total AUC and the 2-h AUC were larger in the evening than in the morning in both the study with meals at 12-h intervals and the study with meals at 6-h intervals. The total AUC were approximately twofold greater after meal ingestion in the evening than in the morning. This large evening increase in overall response was associated with a higher increment over the premeal level as well as to a prolongation of the total duration of the response. However, 24-HUJH CLOCK TIME 24-tUM CLOCK TIME when the glucose responses to the meal were evaluated Fig. 3 . Mean 24-h profiles of plasma cortisol, glucose, serum insulin, over a shorter time interval by calculating the AUC for and ISR during study with meals at 12-h intervals (left) and during the first 2 h after the meal, the differences between study with meals at 6-h intervals (right). Arrows, times of meal presmorning and evening responses were similar in size to entation. Note absence of peak of plasma cortisol levels after 1400 h in those found for the total AUC. Thus the effect of time absence of meal (top left) and well-defined peak associated with meal presentation at 1400 h (top right). As for glucose, the duration of the interval between meals was not found significant in determining the characteristics of postmeal responses in insulin secretion. Maximal postmeal increments of insulin secretion rate were similar in the morning and in the evening in both studies (Table 1 ). In the study with meals at 12-h intervals, the total AUC for insulin secretion were -25% larger in the evening than in the morning. In the study with meals at 6-h intervals, the AUC were -50% larger in the evening than in the morning. As was the case for glucose, the enhancement of the morning-to-evening difference was related to smaller morning responses when meals were presented at 6-h, rather than 12-h, intervals. Even though the total duration of the response tended to be longer in the evening, analysis of the 2-h AUC indicated that the effect of time of day was primarily due to increased insulin secretion during the first 2 h after the meal.
Pulses of insulin secretion after meal presentation were significantly more frequent than pulses of glucose, averaging 3.2 t 1.2 (SD) in the 6-h interval after the meal (i.e., -1 pulse every 2 in pulse frequency between of day. h). There was no difference studies or according to time in the evening; P < 0.10) and was highly significant in the study with meals at 6-h intervals (1.22 t 0.18 l/min in the morning vs. 1.81 t 0.31 l/min in the evening; P < 0.01).
The frequency of pulses of plasma insulin after meal presentation was similar to that observed for the insulin secretory rates and averaged 3.7 t 1.1 (SD) pulses in the 6-h interval after the meal. There was no difference in the frequency of plasma insulin pulses between studies or according to time of day.
Postmeal Cortisol Responses
As exemplified by the cortisol depicted in Figs. 1 and   2 , postmeal rises in cortisol concentrations were usually clearly identifiable. However, in a few instances, deconvolution analysis was necessary to detect postmeal rises in secretion, which were not apparent in the profile of plasma concentrations. An example is shown in Fig. 4 , which illustrates the profile of plasma concentrations and the calculated profile of secretory rates in subject A45 during the study with meals at 12-h intervals. The evening meal was presented at a time when plasma cortisol levels were declining after the occurrence of a large spontaneous pulse. No pulse of plasma concentration occurred after the meal. However, examination of
Postmeal Responses in Plasma Insulin
As shown in Table 1 , the quantitative characteristics of the postmeal responses in plasma insulin showed trends similar to those observed for the insulin secretory rates (i.e., higher total and 2-h AUC in the evening than in the morning and prolonged duration of response), but these failed to reach statistical significance. Estimations of endogenous insulin clearance during the morning and evening meal suggested that the absence of circadian variation in postmeal insulin responses could be due to increased insulin clearance in the evening. Indeed, a tendency for increased insulin clearance in the evening was present in the study with meals at 12-h intervals (1.42 t 0.16 I/ min in the morning vs. 1.59 t 0.16 l/min the profile of secretory rates reveals that, at the time of presentation of the evening meal, the secretory process that had caused the large pulse of plasma concentration was terminated and meal ingestion was followed by a smaller secretory pulse. Due to the prolonged disappearance kinetics of the hormone, this meal-related pulse failed to result in an elevation of plasma level. In total, a significant pulse of cortisol secretion was identified after 37 of the 40 meals presented. One of the exceptions is shown in Fig. 4 . Indeed, in this individual study, the morning meal was presented when cortisol levels were peaking and only resulted in a small nonsignificant rise in cortisol secretion. The cortisol profiles presented in Figs. 1, 2 , and 4 also demonstrate that numerous (i.e '., - 24-HOUR CLOCK TIME Fig. 4 . Profiles of plasma cortisol (top) and calculated profile of cortisol secretory rate (bottom) obtained in subject M5 during study with meals at 12-h intervals. Upward arrows, times of meal presentation; downward arrows, significant pulses of cortisol concentration and of cortisol secretory rates. Note morning meal was given at time when cortisol levels were already peaking and did not elicit significant postmeal rise. Evening meal was given at time of declining cortisol concentrations and resulted in shoulder, rather than peak, of cortisol concentrations. Deconvolution calculations revealed existence of secretory response to meal.
that, as may have been expected, some of these spontaneous pulses occurred between 1400 and 1500 h, even when no meal was served at 1400 h. However, this fortuitous association was only observed in three of the eight subjects (including M2 and M5, shown in Figs. 1 and 4, respectively) and thus failed to result in a welldefined midday peak of cortisol level in the mean profiles for the study with meals at 12-h intervals (Fig. 3 , top left) Table 2 gives the quantitative characteristics of the postmeal cortisol responses. Irrespective of the interval between meals, the premeal level, the postmeal increase in plasma level, and the amount of cortisol secreted in response to the meal were all significantly lower in the evening than in the morning. In the morning, the amount of cortisol secreted in response to the meal was positively correlated with the magnitude of the postmeal responses in plasma glucose, serum insulin, and insulin secretion (Table 3 ). In the evening, there were no significant correlations between the magnitude of the cortisol response and the magnitude of the postmeal metabolic responses (Table 3) .
To determine whether the effect of time of day on the magnitude of the postmeal glucose and insulin responses was related to the diurnal variation in cortisol concentrations, correlations between the morning-to-evening increases in postmeal responses in plasma glucose, serum insulin, and insulin secretion and the morning-to-evening decline of cortisol levels were calculated. On average, the postmeal responses in plasma glucose, serum insulin, and insulin secretion, as estimated by the 2-h AUC, increased by 166 $-57, 20 t 9, and 49 sz ll%, respectively, from morning to evening. Premeal cortisol levels decreased from 0800 to 2000 h in 14 of 16 individual studies, and the relative decline averaged 33 t 16% across all studies. As shown in Fig. 5 , the magnitude of the morning-to-evening increase in meal response was positively correlated with the magnitude of the morning-toevening decline of premeal cortisol levels for serum insulin (P < 0.01) and insulin secretion (P < 0.05). The correlation was not significant for plasma glucose (P < 0.11). These results were not dependent on the two studies where cortisol levels were higher, rather than lower, at 2000 than at 0800 h and which were thus associated with "negative" decreases from morning to evening (as shown on the abscissa of Fig. 5) . Indeed, when the cortisol decrease in these two studies was considered to be zero, the coefficients of correlation were 0.421 (P < O.ll), 0.614 (P < O.Ol), and 0.511 (P < 0.05) for plasma glucose, serum insulin, and insulin secretion, respectively.
Sex Differences in Postmeal Responses
Previous reports (1,12) have indicated that the effects of time of day on glucose and insulin responses to meal may be sex dependent. In the present study, the 2-h AUC for glucose and insulin secretion were larger in the evening than in the morning in all 16 individual studies, irrespective of the sex of the subject. However, the magnitude of the effect of time of day had a tendency to be larger in women than in men. In men (n = 4), the evening glucose response, as estimated by the 2-h AUC, was on Values are means k SE. Magnitude of postmeal cortisol response was estimated by integrating cortisol secretory rates over duration of postmeal pulse. average 57 t 19% higher than the morning response in the study with meals at 12-h intervals and 96 t 43% higher than the morning response in the study with meals at 6-h intervals. The corresponding values for women (n = 4) were 167 t 57% (P < 0.06 compared with men) and 172 k 214% (P = 0.17 compared with men). Similarly, for insulin secretion, the postmeal responses in men in the evening were 15 t 6 and 40 t 22% higher than in the morning in the studies with meals at 12-and 6-h intervals, respectively. In contrast, in women, the corresponding values were 40 t 16% (P < 0.06 compared with men) and 101 & 12% (P < 0.02 compared with men). These sex differences in magnitude of the diurnal variation in meal response of glucose and insulin secretion were paralleled by a sex difference in the magnitude of the morning-to-evening cortisol decrease, which was significantly larger in women than in men. Indeed, in women, the relative morning-to-evening decrease averaged 69 t 6% whereas in men, it was only 27 t 9% (P < O.Ol), when the decrease was considered to be zero in the two studies where cortisol levels were higher at 2000 than at 0800 h.
DISCUSSION
The present study was undertaken to determine whether glucose and insulin responses to meals are influenced by circadian timing. The protocol was specifically designed to control for a number of potentially confounding variables that could influence the outcome and interpretation of the data. To avoid differences in plasma glucose and insulin, which could result from differences in the type of food, subjects were given meals that were identical in composition and caloric content but were presented at different times of the day. The period of fasting before each meal was either 12 or 6 h, respectively, and was kept constant irrespective of the time of day at which the meal was consumed. An equal number of male and female subjects were studied. To address the possibility that the deterioration in glucose tolerance after ingestion of a mixed meal may only reach a sufficient magnitude to be clearly detectable later in the evening, our subjects were given the evening meal at 2000 rather than in the late afternoon as was done in previous studies.
The results clearly demonstrate that the glucose response to a meal is substantially greater when the meal is eaten in the evening rather than the morning. This Relationship between morning-to-evening decrease in premeal cortisol level (x-axis) and morning-to-evening increase in postprandial response in plasma glucose, serum insulin, and insulin secretion, as estimated by the 2-h area under curve. In 2 individual studies, premeal cortisol levels were higher at 2000 h than at 0800 h, resulting in negative value for morning-to-evening decrease.
marked effect of time of day is robust and, in the present study, all measures of the postprandial glucose response were greater in the evening than in the morning, including the maximum increment, total area under the curve, the area under the curve during the 2 h after meal presentation, and the duration of the glucose response. The effect of time of day was statistically significant irrespective of whether there was a 6-or 12-h period of fasting before administration of the meal, although there was a tendency for the differences to be greater with the shorter duration of fasting, which is more comparable with normal meal schedules. Surprisingly, the large increase in glucose response was not associated with a commensurate increase in insulin concentrations or insulin secretion rates. Thus, although a trend toward greater postprandial responses in plasma insulin in the E474 CIRCADIAN VARIATION IN MEAL RESPONSES evening was apparent, the difference failed to reach statistical significance. Increased insulin clearance in the evening appeared to be partially responsible for the absence of circadian variation in magnitude of the plasma insulin response. Indeed, the areas under the curve for the insulin secretion rates derived by deconvolution of peripheral C-peptide were increased in the evening, but to a lesser extent than the postprandial glucose responses. The evening vs. morning differences in maximum increment and duration of the response were not significant. The failure of insulin secretion rates to increase in proportion to the observed increase in glucose raises the possibility that, in addition to diurnal changes in insulin sensitivity, there may be diurnal changes in the set point at which ,&cells respond to glucose, with reduced I respon siveness in the evening creased plasma glucose concentrations.
resulting in in-
Earlier studies had shown that meal ingestion may evoke short-term cortisol rises that are more pronounced when the meal is eaten around noon than in the evening (7, 16) . The present results show that meal-related increases in cortisol levels also occur consistently in the morning and that the amount of cortisol secreted in response to a morning meal is positively correlated wi th the magnitude of the postprandial glucose and insulin responses. Furthermore, the magnitude of the morningto-evening increase in postmeal insulin response was positively correlated with the magnitude of the morningto-evening decline of cortisol levels. These findings are in agreement with our recent observation during constant glucose infusion of an inverse temporal relationship between the circadian variation of glucose levels and insulin secretion, on the one hand, and that of plasma cortisol, on the other hand (21) . Under these experimental conditions, the amplitude of the diurnal variation in insulin secretion was significantly correlated with amplitude of the cortisol rhythm (21) . Thus both studies suggest that the cortisol rhythm may mediate, at least partially, the diurnal variation in carbohydrate tolerance. However, thi .s concept is difficult to reconcile with current notions on cortisol counterregulatory mechanisms, which would predict that low cortisol levels in the evening would be associated with increased, rather than decreased, insulin sensitivity.
Other pathways by which the centrally generated circadian signal could modulate postprandial glucose and insulin responses include neural transmission and ensmall size (500 kcal) and were not of particularly high carbohydrate content (43%). With this type of meal, the glucose responses in the evening were approximately twofold larger than those observed in the morning. The careful studies of Service et al. (l7), who studied the effect of meal size, and of Nuttall et al. (12) , who studied the effect of meal composition, indicate that the effect of time of day would have been even more pronounced if larger meals of higher carbohydrate content had been given. Taken together with the present studies suggest that, depending on meal position, the postprandial glucose response in the evening could be at least fivefold larger than in the morning.
Studies in human subjects living in isolation units findings, size and these comhave shown correlated w that the duration of intermeal intervals are ith the length of the "free-running" circadian period (2), indicating a role for the circadian system in the timing of food ingestion in the absence of social constraints. Records of the spontaneous food intake of adults living in normal environments have revealed that the size and composition of meals also undergo diurnal changes, with increasing meal sizes and a shift from high carbohydrate to high fat and protein as the day progresses (4). The current analyses show that this intricate control of feeding behavior by circadian rhythmicity is matched by circadian variations in metabolic responses to meals. Further understanding of the mechanism linking circadian rhythmicity, feeding behavior, and metabolic responses to food could lead to the development of optimal dietary regimens for patients with impaired glucose tolerance and diabetes-as well as for individuals submitted to conditions of abnormal circadian rhythmicity, such as jet lag and shift work.
